Abstract-The version 6 TRMM rainfall products showed significant improvements on satellite rain retrievals as compared to rain gauge observations. The differences between TRMM TMI rain products and gauge observations are less than 10% over Florida, Texas, Kwajalein, and Darwin ground validation sites for the 8-year period from January 1998 to December 2005. The rain differences between Version 6 TMI and PR data are also within 10% over these GV sites except the Darwin area. The diurnal cycle from 8-years TRMM TMI and PR rain data showed peaks in the early morning over ocean and in the early afternoon over land. These results are accurate as compared to the gauge statistics over TRMM ground validation sites and other ground observations. TRMM TMI rain products indicate that variances of diurnal cycle are less than 5% of intra-seasonal variances over tropical oceans. Parallel spectrum analyses on TMI and Global Precipitation Climatology Project (GPCP) rain products indicate a near-perfect match of intra-seasonal spectral distributions over tropical oceans.
INTRODUCTION
The Tropical Rainfall Measuring Mission (TRMM) has improved our understanding of rainfall properties and variations in the tropics since its launch in December 1997 [1] . The most innovative instrument on TRMM is the first space borne Precipitation Radar (PR). The measurements of PR have provided invaluable information on the intensity and distribution of the rain, as well as the 3-D structure of storm. The TRMM Microwave Imager (TMI) is a passive microwave sensor based on the design of the highly successful Special Sensor Microwave/Imager (SSM/I) which has been flying on Defense Meteorological Satellites since 1987. However, the higher resolution of TMI, as well as the additional 10.7 GHz frequency made TMI a better instrument than its predecessors. The coincident PR and TMI measurements, and the coincident TRMM satellite and ground validation measurements, have supplied valuable information to improve our rainfall retrieval algorithms as well as our understanding of rainfall structures. Both PR and TMI rain retrieval algorithms have been advanced significantly since the launch of TRMM through multiple TRMM data reprocessing. The TRMM data have been reprocessed six times so far. The differences between gauge and TRMM satellite rain products, and the differences between PR and TMI products had been improved during each of these reprocessings, reflecting a improved understanding of the mechanisms and structures of tropical rainfall. TRMM has provided not only single sensor rain products, but also high quality multi-satellite merged rain data sets.
The local overpass time of TRMM satellite drifts each day completing a daily cycle in 46 days. This unique design provides a great opportunity of studying diurnal cycle for various TRMM science parameters, such as rainfall, surface temperature, and fire products. However, due to the poor sampling of single satellite data, aliasing of a strong diurnal cycle may cause a false intra-seasonal oscillation and seasonal and intra-seasonal variability may also affect diurnal cycle studies. While an ultimate way to eliminate such aliasing is to increase temporal and spatial sampling resolutions, as proposed by Global Precipitation Measurement (GPM) mission, an improved description of the aliasing effect is necessary and can be obtained from the TRMM observations. This paper uses version 6 TRMM TMI, PR, and merged rainfall data in the past eight years to compare the magnitudes of diurnal cycle and intra-seasonal variability over both ocean and land. The TRMM ground validation (GV) data from a number of GV sites in the same period are used to validate the results.
DIURNAL CYCLE OF TRMM RAINFALL
The spatial distribution of global rainfall for different local time from 8-year TRMM TMI observations indicate weak diurnal cycle over ocean and a strong diurnal cycle over land as well as warm pool (Fig. 1, left columns) . The peaks of rainfall occur during early morning over oceans (19-24 UTC over warm pool, 07-12 UTC over Atlantic Ocean) and during early afternoon over continental land (UTC 13-18 in Africa, UTC 19-24 in North and South Americas, UTC 06-12 in South Asia). The results of TRMM PR products (Fig. 1, right columns) are similar. However, PR data show an overall lighter rain. Figure 2 compares the diurnal cycles of TRMM TMI, TRMM PR, and TRMM Merged products over four typical regions. The TMI and PR data cover a period from January 1998 to December 2005. The merged data start from January 2002. In Pacific and Indian oceans (left columns), diurnal cycles are quite flat. The rainfall has a peak around 6 am local time, which is similar to the finding of Cronin and McPhaden [2] . The results of the three products are very similar. Over land (right columns), the rainfall peaks around 3 pm local time in Amazon region and 6 pm local time in Western Africa region. The early afternoon rain peak in Amazon region was found in other studies (e. g., [3] ). Over selected ocean areas the TMI and PR show less than 10% differences of mean rainfall.
Inter-comparisons of mean rainfall and diurnal cycles between TRMM satellite and ground validation (GV) gauge products over four different GV sites are shown in Fig. 3 .
Over Florida SFL GV site (Fig. 3 upper left) , the 8-year means of TMI, and PR estimates are about 3% lower than the gauge mean rain. These values are also similar to the local climate mean. In the smaller GV area (KSC GV site, lower left), the difference of mean rain is less than 10% between gauge and TMI estimates, but about 20% between gauge and PR estimates. The diurnal cycles from all the three satellite products are very similar to the gauge observations with rain peaks around 3 pm local time. The amplitudes of oscillation between PR and gauge data are very close, while TMI and merged data showed larger amplitudes of diurnal oscillation. Over Kwajalein ocean site (Fig. 3 upper right) , the 8-year means of TMI, and PR estimates are about 10% higher than the gauge mean. All products show weak diurnal cycles with peaks around 9 am local time. However, the diurnal cycles of satellite products don't march the gauge data very well due to the small size of gauge area (about 0.5 • ). For a larger area (Fig. 2, upper left) which covers the KWA site, the diurnal cycles from all satellite products are very similar gauge results. In Darwin CSC (lower right), TMI mean rain is about 10% lower than the GV rain while the PR mean rain is about 30% lower than the GV rain. The peak of diurnal cycle is around 3 pm. Figure 5: First eight spectra of intraseasonal oscillations from TMI rainfall in Indian Ocean (left), and from GPCP products in Indian Ocean (right).
INTRA-SEASONAL VARIABILITY
Aliasing of diurnal cycle may cause a false intraseasonal oscillation if sampling methods are inappropriate. Such effects may be removed by increasing grid size or time interval. The aliasing effect of diurnal cycle on intraseasonal variability is small over ocean since the variance of diurnal cycles is less than 5% of the intraseasonal variance (Fig. 4, upper panel) . However, the results may differ over land since the variance of diurnal cycle is comparable to that of intraseasonal variability over land (Fig. 4 middle panel) . The intraseasonal spectrum from TRMM observation (Fig. 5 left) showed validity as compared to the geostationary satellite based observation (Fig. 5 right) over equatorial ocean region. The dominant spectrum is the 30-60 day Madden-Julian Oscillation.
